Catena silicon polymers can be regarded as a hybrid between linear hydrocarbon polymers and fully coordinated metals. Intermediate features of the poly(di-nalkylsilylenes) manifest themselves in photoconductivity and doped charge conductivity 1,2 and nonlinear optical properties.
Catena silicon polymers can be regarded as a hybrid between linear hydrocarbon polymers and fully coordinated metals. Intermediate features of the poly(di-nalkylsilylenes) manifest themselves in photoconductivity and doped charge conductivity 1, 2 and nonlinear optical properties. 3 Poly(silylenes) have been discussed for potential applications in electrophotography, nonlinear optics, display fabrication, and microlithography. 4 Physical properties of linear polymers depend strongly on the orientation of the constituent macromolecules. The anisotropy of symmetrically substituted poly(di-n-alkylsilylenes) is particularly pronounced because of the s-conjugated Si backbone which is encapsulated in an insulating shell of hydrocarbon side chains. Charge (hole) mobility of the order of 10 -5 m 2 V -1 s -1 along the polymer backbone with an anisotropy ratio of ca. 9 was reported by time-resolved microwave conductivity measurements for poly(di-n-hexylsilylene). 5 Also, an orientational dependence of the (3) nonlinear susceptibility and two-photon bleaching have been described. 6, 7 Different techniques can be used to orient macromolecules: Molecular ordering by self-assembly has been realized with polymers which contain mesogenic groups or which possess an amphiphilic structure.
14,15 For poly-(silylenes), mono-and multilayer structures were obtained using the Langmuir-Blodget technique after amphiphilic fragments were introduced in the side chains. 10, 11 Polymers can undergo orientational ordering when an external mechanical stress or electromagnetic field is applied. The mechanical orientation of poly(di-n-alkylsilylenes) is facilitated by formation of a columnar mesophase where macromolecules are disentangled and exhibit translational and rotational mobility.
12 Chain alignment was attained by drawing a supported poly-(silylene) film with its substrate 13 and by drawing a blend with ultrahigh molecular weight poly(ethylene).
14 Orientation of plain poly(silylenes) was realized by adhesion transfer in the mesophase state. 15 Rubbing over a solid surface resulted in smooth films with uniaxial orientation of the Si backbone.
A high degree of orientational order is attained by preparation of single crystals and epitaxially crystallized films. The latter require matching of crystalline lattices of a host substrate and a guest material. 16 Recently it was shown that different polymers 17 including poly(silylenes) 18 could be oriented by casting them from solution on a glass substrate modified with preoriented poly(tetrafluoroethylene) (PTFE). Origin of the chain orientation by means of this remarkably simple method is not yet understood. In this paper, development of oriented structures of poly(di-n-alkylsilylenes) and mechanisms driving this process will be elucidated.
Adhesion transfer of PTFE was realized by rubbing a PTFE bar over a glass substrate and a polyimide film (Kapton, DuPont) at a speed of 0.2 mm/s at a temperature of 217°C and a pressure of 13 N/cm 2 . The structure of these films was studied by scanning force microscopy (SFM) employing a Nanoscope III, Digital Instruments. Most of the SFM micrographs presented in this paper were measured in a water medium to reduce surface deformation by the tip. The probes were Si and Si 3 N 4 tips which were selected to have a tip radius of ca. 10 nm using a specially developed calibration standard. 19 Poly-(di-n-hexylsilylene) (PDHS, M n ) 3 × 10 5 , M W ) 5.4 × 10 5 ) and poly(di-n-pentylsilylene) (PDPS, M n ) 2.7 × 10 5 , M W ) 5 × 10 5 ) have been prepared as described before. 20 Figure 1 demonstrates that the PTFE rubbing technique could be used to transfer discrete fibrils of PTFE which covered less than 30% of the substrate area. A thin complete layer which was reported by Pooley and Tabor   21 was not observed under the conditions applied here. Fibrils of different sizes were observed on the surface. The width of the fibrils as measured parallel to the substrate was significantly larger than the thickness which was measured perpendicular to the substrate plane. Typically, the fibrils varied up to 300 nm in width and 50 mm in thickness. Also fibrils were detected with a diameter below 0.5 nm (arrows in Figure 1B ), which must represent extended single macromolecules.
Dilute solutions of poly(silylene) in toluene or in chloroform, were cast on PTFE/glass substrates. Figure  2 presents the structures which were formed. These "hetero-shish-kebabs" 22 were composed of PTFE fibrils (the "shish") and poly(silylene) lamellae crystals (the "kebabs"). Ribbon-shaped lamellae of PDPS are oriented in the direction perpendicular to the fibrils. In the image plane the ribbons grew up to 5000 nm in the direction perpendicular and about 500 nm in the direction parallel to the PTFE fibrils. The thickness in the z-direction of the image was only 50-100 nm.
Nomarski interference contrast (NIC) microscopy was used to depict larger areas of the obtained structures. Figure 2C shows that areas of the glass substrate which were regularly covered with PTFE fibrils yielded the oriented "shish-kebab" structures while needle type poly-(silylene) crystals were observed in uncovered areas inbetween the fibers.
Casting from more concentrated solutions of poly(din-alkylsilylenes) resulted in dense films which were formed of uniaxially organized stacks of edge-on lamellae as is shown in Figure 3 . It was possible to obtain oriented poly(silylene) films as thick as 3000 nm. The constituent lamellae had a thickness of about 500 nm along the PTFE fibrils which was similar to that in Figure 2B .
The molecular orientation of thick films was characterized by UV absorption spectroscopy. Figure 4 gives two polarized spectra of PDHS which were measured parallel and perpendicular to the drawing direction of PTFE. The band at 372 nm corresponds to the all-trans zigzag conformation of a polymer backbone and shows a dichroism of about 2.3. No dichroism was observed for the higher energy absorption at 320 nm which was ascribed to conformational defects or disordered chain segments. 6 The combination of a glass slide and the PTFE film which does not totally cover the glass is an essential factor for the formation of the "hetero-shish-kebabs". Both complete coverage and using another substrate with a lower surface energy than glass effects the crystallization of the poly(silylene). For comparison, a polyimide film was used as another substrate on which PTFE was transferred as is shown in Figure 5A . Rubbing a PTFE bar over a polyimide film resulted in PTFE fibrils covering less than 30% of the film. Poly(di-n-pentylsilylene) was cast on the PTFE/polyimide substrate from dilute solution in toluene and formed structures shown in Figure 5B . Although PDPS preferred to adsorb on substrate areas where PTFE fibrils were located, it did not form any oriented structures as was observed on the PTFE/glass substrates. Also, thick films of PDPS prepared from concentrated solutions were not oriented and consisted of needle-like crystals as shown in Figure 5C .
In summary, the development of the morphology could be monitored from nanometer size PTFE fibrils to the "hetero-shish-kebab" structures and further to thick oriented films. Remarkably well-organized thin and thick films of different poly(di-n-alkylsilylenes) with uniaxial molecular orientation have been obtained by means of an amorphous substrate which was only partially covered with PTFE nanofibrils. Two processes have to be considered: (i) crystallization of poly(silylene) molecules in solution and subsequent precipitation and (ii) adsorption of the molecules on the surface and their subsequent crystallization. SFM and NIC micrographs indicate that the former process resulted in the precipitated needle crystals (Figure 2A,B) , while the latter process yielded the oriented lamellae ( Figure  2A,C) .
Epitaxial interactions might be an explanation for the crystallization observed. Nearly perfect orientation of PTFE would be in favor of oriented nucleation of macromolecules at PTFE fibrils. Many previous investigations have shown that polymer epitaxy is rather strict requiring similarity in crystallographic parameters of host and guest crystals. 16, 17 Although the regular spacing perpendicular to PTFE chains of ∼5 Å considered here is a fairly common dimension in solids, it is not commensurate with that of poly(silylenes). Rather strong mismatching of the structural parameters is manifested by significant discrepancies in interchain distances (12-14 Å for poly(silylenes) versus 5.6 Å for PTFE) and in atomic spacing along the chain (2 Å for Si-Si bond versus 1.3 Å for C-C bond.) [23] [24] [25] Moreover, although the molecular conformation of poly-(di-n-butylsilylene) and poly(di-n-pentylsilylene) is essentially different from that of poly(di-n-hexylsilylene), all three polymers oriented on the PTFE/glass substrates. PDHS shows orthorhombic packing of trans zigzag macromolecules, 23 while backbones of PDBS and PDPS adopt a 7/3 helix encapsulated in a shell of disordered side chains. 24, 25 A priori, disordered structures cannot induce crystallographic interactions.
Looking closely at the different stages of the formation of the stacked lamellae of poly(silylenes) it appears that the crystal nucleated at the triple line where the solution, the PTFE, and the glass met. According to the anisometric shape of the ribbons the poly(silylene) crystals grew much faster along the glass/solution interface than in the direction normal to the substrate plane. As the thickness of the lamellae was similar to the contour length of the macromolecules, one may suggest that the macromolecules crystallized in almost fully extended chain conformation.
As a general rule, the adsorption is controlled by pair interactions between substrate, solvent, and solute molecules with the condition that the total surface free energy will be minimized. A peculiar feature of the substrate in our experiments was its composition of two strongly antagonistic materials, i.e., amorphous hydrophilic glass and crystalline hydrophobic PTFE. By rubbing the PTFE over the glass, a "surface energy grating" was formed. It consisted of alternating fibrils of the low-energy PTFE and uncovered areas of the higher surface energy glass. In this case, it is energetically more favorable that a third component whose surface energy is intermediate between those of PTFE and glass wets the PTFE/glass interface. 26 Therefore, capillary condensation of the poly(silylenes) can occur in the contact areas of PTFE and glass which consequently form active sites for adsorption and subsequent nucleation of the crystals.
Thus, the coverage can be supposed to play an important role as it determined the density of nuclei and therefore the whole crystallization process. The diameter of the fibrils and the geometry of the contact area between a fiber and the glass surface are additional parameters which should affect the adsorption process. The concept that the combination of PTFE fibrils and a glass substrate represents a key factor for the orientation of the poly-(silylenes) is supported by the experiment shown in Figure  5 demonstrating that no trans-crystallization occurred on a polyimide film covered with PTFE.
